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ABSTRACT 
Brain homogenates of the honeybee, Apis mellifera, 
have been found to possess enzymes capable of catalyzing 
the N-acetylation of tryptamine and 5-hydroxytryptamine 
with acetyl coenzyme A as the acetyl donor. The Km of 
the N-acetylation of tryptamine was 5. 0 x 10
-7 M at 
iii 
pH 7. 0  and 33°C. Evidence was obtained that the indole­
alkylamines, tryptamine and 5-hydroxytryptamine, are not 
oxidized by monoamine oxidase (MAO) as is commonly 
considered to be a major catabolic route in vertebrate 
animals. Certain commonly used assays, reportedly specific 
for monoamine oxidase activity, will not distinguish 
between oxidation by �AO and N-acetylation of tryptamine 
and so should not be used to assay for M�O activity in 
insect tis sues without careful identification of the 
products of the reaction. Implications of N-acetylation 
of indolealkylamines are discussed in relation to the 
neurotransmitter problem. 
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INTRODUCTION 
The presence of the biogenic indolealkylamine, 
5-hydroxytryptamine (5-HT), has been reported in insect 
central nervous s ystems (Welsh and Moorhead, 1960; 
Gersch et al, 1961; Calhoun, 1963; Berridge and Patel, 
1968; Hiripi and S.-Rozsa, 1973) . In addition 5-HT 
is known to have pharmacological activity in insects 
(Davey, 1961; Calhoun, 1963; Berridge and Patel, 1968; 
S.-Rozsa and V. -Szoke, 1972; Hiripi and S.-Rozsa, 1973; 
Whitehead, 1973). Hill and Usherwood (1961) report 
that tryptamine and 5-HT block neuromuscular trans-
miss ion in Schistoeerca gregaria. 
There is little evidence that enzymes capable of 
metabolizing 5-HT or other biogenic amines to less 
active f orms exist in insect nervous systems. Some 
attention has been given to m onoamine oxidase (MAO) 
EC No. 1.4.3.4, as it is believed to be a major intra-
cellular catabolic enzyme for 5-HT in vertebrates. 
Several attempts have been made to detect MAO in insect 
nervous tis sue (Blas chko, et al, 1961; Calhoun, 1967; 
Boadl e and Blaschko, 1968; Calhoun and Blas chko, 
unpublished manuscript). In thes e investigations no 
MAO activity w as found in nervous tissue by manometric 
1 
means, by detection of aldehyde odors or by histochemical 
methods using tetrazolium salts. High MAO activity 
has been reported, how ever, in some other insect 
tissues such as the cockroach Malphigian Tubules (Colhoun, 
1967 ) .  
Our attempts to detect oxidative catabolism of 
indolealkylamines in the honeybee CNS revealed that 
these compounds w ere not oxidized but were N-acetylated 
by an enzyme in honeybee brain homogenates. 
2 
MATERIALS AND METHODS 
Preparation of Homogenates: Worker honeybees were 
stored at -70°C and their whole brains ( supraoesophageal 
ganglion) were removed while on ice. Any salivary gland 
fragments were removed from the brains and they were 
stored on ice until homogenized. Usually 30 to 100 
brains were used for an homogenate. The brains were 
homogenized within several hours of removal in 10 parts 
( w/v) of a solution containing potassium phosphate buffer 
(O. lM, pH 7. 0) ,  sucrose (0. 25M) , CaC12 (0. 2 gm/1) and 
dithiothreitol ( 0. 1  gm/1) . Homogenization was accom-
plished by thirty strokes of a motor driven teflon 
pestle in a glass tissue grinder with 0. 004 - 0. 006 
inch dlearance. 
Enzymatic Assay: The enzymatic activity with trypt-
amine as substrate was measured by a slight modification 
of the method of Wurtman and Axelrod ( 1963) originally 
designed to measure MAO activity. In this assay, 25 ul 
of brain homogenate and 1. 0 ul of 
14c-tryptamine (2. 22 X 
105 dpm) were added to 274 ul of potassium phosphate 
buffer (O. lM, pH 7. 0) ,  in a corked test tube. The final 
volume was 300 ul and the amine substrate concentration 
-6 was 5. 5 x 10 M. All incubations were carried out at 
33°C and the standard incubation time was 60 min. The 
3 
reaction was terminated by adding 0.2 ml of 2N HCl. 
Six ml of toluene were then added to each tube, the tubes 
were shaken and then centrifuged for one minute in a 
clinical centrifuge to separate the aqueous and organic 
layers. The shaking and centrifugation were repeated 
once. A 1 ml aliquot of the organic layer was removed 
for scintillation counting or for thin layer chromatography. 
The assay reaction with 5-HT was performed in the same 
way except that the product was extracted with diethyl 
ether or ethyl acetate. A 1 ml aliquot of the organic 
layer was added t o  9 ml Aquasol ( New England Nuclear ) 
and counted in a scintillation counter. The calculated 
efficiency of the toluene-Aquasol system was 77%. 
Chromatography: All thin layer chromatography 
( TLC ) was done using precoated silica gel plates, 0. 25 
mm thickness ( EM Laboratories ) . Samples of the reaction 
products e xtracted into the organic layers were spotted 
along with known compounds dissolved in the same organic 
solvent. TL C  plates were usually developed in a chloroform­
methanol ( 9 3:7) system and ran for 50 to 70 minutes. 
After chromatography the knowns were visualized with 
ultraviolet light, or by spraying with ninhydron reagent 
or the p-dimethylaminocinnamaldehyde reagent for indoles 
( Harley-Mason and Archer, 1958 ) . The radioactive 
products on TLC plates were located by scraping windows 
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of silica gel from the glass plates and adding these 
scrapings to 10 ml of Aquasol in a scintillation vial. 
The counting efficiency of this system was approximately 
40%. 
Chemical Synthesis of N-Acetyltryptamine: N-acetyl 
tryptamine was prepared by a modification of the method 
of Szmuszkovicz et al (1960) for the N-acetylation of 
5-methoxytryptamine. Tryptamine (0. 21 gm) was added to 
l ml of acetic anhydride and incubated at room temperature 
under nitrogen for 24 hours. Water (5. 71 ml) was added 
and stirred for 30 min. This was cooled in an ice 
bath and 0. 8 gm of sodium carbonate was added. After 
addition of 3 ml of diethyl ether at 4°C and vigorous 
shaking for 30 seconds, the mixture was centrifuged 
to separate the organic and aqueous layers. The ether 
layer was then removed and evaporated leaving a viscous 
residue. This residue, containing N�acetyltryptamine, was 
dissolved in 1 ml of ethanol. The resulting solution 
gave one major spot upon thin layer chromatography in 
several solvent systems. 
Other Materials: The radioactive chemicals, 5-
hydroxytryptamine binoxalate (2-14c) , specific activity 
51. 7 m Ci/rmf, tryptamine bisuccinate ( 2-14c) , specific 
activity 60 m Ci/mM, and acetyl (l-14c) coenzyme A, 
specific activity 49. 8 m Ci/mM, were obtained from 




Characteristics of the Reaction: Us ing a modifi-
cation of the assay procedure of Wurtman and Axelrod 
(1963) , the formation of labeled product extractable 
in toluene w as linear w ith respect to time throughout 
most of the incubation period (Fig. 1) and w ith respect 
to the amount of homogenate in the incubation medium 
(Fig. 2). Immersion of a tube containing the homogenate 
in a beaker of boiling w ater for 5 minutes destroyed 
most of the enzyme activity. The pH optimum of the 
reaction w as 6.9 (Fig. 3) and assays w ere routinely 
run near the pH optimum at pH 7.0. 
The Michaelis constant (Km) for the enzyme w as 
obtained by extrapolation from the double reciprocal 
plot (Fig. 4) . With tryptamine as the substrate, the 
-7 0 
Km was 5 X'lO M at 33 C. 
Absence of MAO Activity: Thin layer chromatography 
(Fig. 5) in several solvent systems demonstrated that 
the radioactive product of the reaction did not co-
chromatograph w ith authentic indoleacetic acid, indole-
acetaldehyde, or indole-3-ethanol, indicating that the 
measured reaction was not an oxidation by MAO. The 
substrate, tryptamine, besides being negligably soluble 
in toluene, did not migrate from the origin on the 
6 
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Fig. 1. Reaction time course of standard reaction 
with two different homogenates at 33°C for 60 min. 
Each point is a mean of duplicate samples. A and B are 
controls using boiled homogenate. 14c-tryptamine 
-6 concentration was 5. 5 x 10 M. Total reaction volume 
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Fig. 2. Effect of homogenate concentration on 
product formation. A and B are controls using boiled 
homogenate. Brain to homogenization mixture ratio was 
1:10 ( w/v ) .  14c-tryptamine concentration was 5. 5 x 
10-6M. Incubation period was 60 min. The standard 
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Fig. 3. Effect of pH on product formation. pH 
controlled by potassium phosphate buffer ( 0. 1 M ) .  
Points are means of duplicate assays run at 3 3°C 
for 60 min. 14c-tryptamine concentration was 5. 5 x 
-6 10 M and was extracted into toluene. 
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Fig. 4. Lineweaver-Burke plot for reaction using 
tryptamine as substrate. Each point is a mean of 
duplicate samples with boiled homogenate controls 
subtracted. Incubation time was for 60 min. at 3 3° C. 
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Fig. 5. Thin layer chromatograph of toluene 
• 
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extracted reaction product of standard reaction using 
14c-tryptamine as labeled amine substrate run along with 
authentic indole derivatives. Developed in chloroform-
methanol ( 9 3:7 ) and run for 50 min. IAA is indole-
acetic acid, I- 3-Et is indole- 3-ethanol, I Aald is 
indoleacetaldehyde. 
11 
TLC plates developed with the chloroform-methanol 
solvent and thus, could be completely separated from 
the product. Addition to our standard assay medium 
of known compounds which could result from monoamine 
oxidase action on tryptamine did not effect the reaction 
( Table 1) . Harmine, a known monoamine oxidase inhibitor 
( Wurtman et al, 1968) at l x 10-4M or isoniazid 
at l x 10-2M concentrations did not inhibit the reaction. 
Cofactor Requirement: Data from differential 
centrifugation of the brain homogenate always showed 
that the activity of supernatent recombined with any 
of the particulate fractions was greater than the sum 
of the activities of a particulate fraction and the 
supernatant when used alone as the enzyme sources 
( Table 2) . Exhaustive dialysis of the supernatant 
always decreased this stimulatory effect but did not 
completely abolish it. These data suggested to us that 
a soluble cofactor occuring primarily in the supernatant 
was promoting the enzyme activity. Addition of numerous 
common cofactors such as NAD+ or FAD to the incubation 
medium failed to stimulate the activity of the pellets 
to any appreciable extent. 
N-Acetylation Reaction: In considering possible 
metabolic pathways by which tryptamine could be modified 
to produce a toluene-extractable compound, we became 




Effects of Know n Indole Derivatives on the Reaction 
Addition to Standard Reaction* Product (cpm) 
Assay #1 Assay #2 
1� No additions 11561 12233 
-6 
2. Indoleacetic acid (5.5 X 10 M) 12949 13503 
-6 
3. Indo1e-3-ethano1 (5.5 X 10 M) 12953 12607 
-6 
4. Indo1eaceta1dehyde (5.5 X 10 M) 12273 12800 
-6 
5. N-methyltryptamine (5.5 X 10 M) 12921 12571 
6. Boiled homogenate control 121 




Activity of Subcellular Fractions 
Enzyme Source* Product (cpm) 
particulate addition of 105 x g 
fraction (60 min. ) supernatant 
l. Whole homogenate 12010 
2. 900 x g ( 10 min.) pellet 1591 4665 
3. 11,500 x g (20 min. ) pellet 1302 3109 
4. 105 x g (60 min. ) pellet 219 1058 
5. 105 x g (60 min. ) supernatant 542 
*See �aterials and Methods for reaction contents 
pineal gland by which 5-HT is N-acetylated. This 
reaction, us ing acetyl coenzyme A as the acetyl donor, 
functions as a s tep in the formation of melatonin 
(Weis s bach et al, 1960) . We performed a s eries of 
ex periments with the honeybee brain homogenate in an 
attempt to demons trate an enzymatic N-acetylation of 
tryptamine and 5-HT us ing acetyl coenzyme A as the acetyl 
donor. 
Addition of acetyl coenzyme A to the incubation 
mix ture containing 14c-tryptamine increas ed the 
amount of ex tractable product (Table 3) . If the labeled 
material in the incubation medium were acetyl (l-14c) -
coenzyme A, labeled product could be detected and the 
addition of unlabeled tryptamine to the incubation 
medium increaced the amount of ex tractable product. 
Boiled homogenates always failed to produce labeled 
products . The product ex tracted into toluene ex hibited 
the same chromatographic behavior regardles s of w hether 
the introduced label was in tryptamine or acetyl coenzyme 
A. Als o, the radioactive product from both types of 
reaction was s hown to co-chromatograph with samples 
of the N-acetyltrypt amine s ynthes ized chemically (Fig.6) . 
The product from reactions us ing 5-HT as the s ubs trate 
( and ex tracting into ethyl acetate ) co-chromatographed 










Substrates in Standard Reaction* 
14 6 C-acetyl coenzyme A (5. 5 x 10
-
M) 
14 6 C-acetyl coenzyme A (5. 5 x 10
-
M) 
plus tryptamine (5. 5 x 10
-6M) 
14c-tryptamine (5. 5 x 10
-
�MO 
14c-tryptamine (5. 5 x 10
-6M) plus 
-6 acetyl coenzyme A (5. 5 x 10 M) 
14 -6 C-acetyl coenzyme A (5. 5 x 10 M) 
-6 plus tryptamine (5. 5 x 10 M) -
boiled homogenate control 
14 -6 C-tryptamine (5. 5 x 10 M) plus 
-6 acetyl coenzyme A (5. 5 x 10 M) -








*See �terials and M=thods for standard reaction contents 
¢M1eans of two samples 
16 
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Fig. 6. Thin layer co-chromatograph of s ynthesized 
N-acetyltryptamine and labeled reaction product. 
Synthesized N-acetyltryptamine spot ( 3.4 to 4. 2 em 
was removed and counted for radioactivity. Windows 
of the remaining silica gel were also counted. 
Developed in chloroform-methanol ( 93: 7 ) and run for 
6 0 min. Labeled reaction product is from standard 




The addition of acetyl coenzyme A to subcellular 
particulate fractions greatly increased the N-acetylation 
activity of these fractions mimicing and exceeding the 
effects of supernatant additions to these fractions 
(Table 4). 
Dialysis of the crude homogenate and subsequent 
assay using labeled acetyl coenzyme A and unlabeled 
tryptamine show ed that the products from the dialyzed 
homogenate were more highly labeled as w ould be expected 
if acetyl coenzyme A w ere being removed from the 
homogenate by dialysis increasing the specific activity 
of the labeled acet�l coenzyme A.in the reaction mixture. 
The extractable labeled product using labeled 
ace tyl coenzyme A was much less w ith indoleacetic acid, 
indoleacetaldehyde, N-acetyl-5-HT or melatonin as 






Effect of Acetyl Coenzyme A on N-Acetylating Activity of Subcellular Fractions 
Enzyme Source and Additions to Reaction* Product (cpm) 
al one plus 105 x g 60 min. addition of 
supernatant (25ul) acetyl Co A 
-4 (7.7 x 10 mg) 
1. Whole homogenate 11257 - 22099 
2. 900 x g (10 min. ) pellet 988 2411 19714 
3. 11,500 x g (20 min. ) pellet 710 2107 22264 
4 . 105 x g (60 min.) pellet 280 675 15772 








Effects of Blocking or Oxidizing the Terminal 
Amine Groups* 
Substrate (50 micro gm) Product ( cpm) 
Assay #1 Assay 
Tryptamine 11051 11225 
Indoleacetic acid 1767 1850 
Indoleacetaldehyde 1733 1639 
N-acetyl serotonin 1806 1752 
Melatonin 2311 1865 
Tryptamine ( boiled homogenate) 683 




From the chromatographic dat a presen ted above it 
woul d appear that the assay of Wurtman and Axel rod (1963) 
is not specific for detecting MAO activ�ty. In this, 
as with other sol vent ex traction assay procedures, care 
must be taken to determine the ex tracted products. 
Reports of MAO activity in which this assay procedure 
has been used may be suspect unl ess the authors took 
care to identify their reaction products. 
In the vertebrate animals , ox idation by MAO is 
often considered to be the major catabol ic route for 
5-HT. Our experiments with the honeybee brain homogenates 
have confirmed previous reports (Col houn, 1967) based 
on histochemical or manometric methods in which no MAO 
activity coul d be detected in insect central nervous 
tissue. The identification of our reaction product 
as the same as a synthesized compound we bel ieve is 
N-acetyl tryptamine demonstrates that an enzyme 
capabl e of catal yzing the N-acetyl ation of this 
in dol eal kyl amine ex ists in the honeybee brain. The 
N-acetyl ating enzyme has a high affinity for tryptamine 
substrate (Km = 5. 0 x 10-7M) . Acetyl coenzyme A was 
found to serve as the acetyl donor for this reaction. 
N-acetylation of indol eal kyl amines has been described 
in animal tissues from several sources. Weissbach et al 
21 
(1961) reported N-acetylation of tryptamine and 5-HT 
w ith rat liver as the enzyme source. This enzyme 
-4 
showed a Km of 2 x 10 M for the N-acetylation of 
3 
5-HT w ith H-acetylphosphate as the acetyl donor. 
Steinberg it al (1969) w orking w ith human and rabbit 
liver demonstrated N-acetylation of 5-HT w ith acetyl 
coenzyme A as the acetyl donor. N-acetylation of 5-HT 
has been reported in the vertebrate pineal gland as 
a step ( along w ith 0-methylation ) in the formation 
of melatonin ( Wurtman et al, 1968 ) . We have found 
no reports of N-acetylations of the indolealkylamines in 
insect tissues. Sekeris and Karlson (1962) , however, 
have demonstrated an N-acetylation of dopamine in 
Call iphora as part of the sclerotization pathway 
leading to hardening and darkening of the insect cuticle. 
The use of deaminated and N-acetylated catabolites of 
tryptamine ·as substrates yielded much less labeled 
product than tryptamine or 5-HT suggesting N-acetylation. 
How ever, their different solubilities in toluene may 
have biased this result. 
The biochemical significance of the tryptamine and 
5-HT N-acetylating enzyme is somew hat obscure at this 
time. Preliminary studies in our laboratory have not 
confirmed the presence of enzymes in the honeybee 
central nervous system capable of the hydroxylation 
22 
and 0-methylation reactions w hich w ould lead to conversion 
of N-acetyltryptamine to melatonin. Attempts to demon­
strate the presence of these enzymes are continuing. 
The possibility ex ists that this N-acetylating 
enzyme of the honeybee brain could be functional as 
an acetylase of broad capability N-acetylating amino 
acids and the various monoamines. Presumably N-acetyl­
ation of dopamine ( as mentioned above ) occurs in 
honeybees during the sclerotization processes but it 
is difficul t to see w hy reactions leading to the 
formation of sclerotizing compounds should be carried 
out in the central nervous system of adults. 
The production of N-acetylated amino acids ( for 
ex ample, N-acetylaspartic acid ) and peptides has been 
reported in human brain tissue. Indeed, N-acetylaspartic 
acid is a major free amino acid in the human brain 
( Guroff, 1972 ). Recently, Reichelt and Kvamme 
(1973) have show n histamine dependent, nonribosomal 
formation of N-acetylaspartylpeptides in mouse brain 
homogenates. We feel that the high affinity of the 
honeybee enzyme for tryptamine as indicated by the 
measured Km may be taken as an argument against non­
specificity of function. 
The presence of the indolealkylamines and the 
catecholamines ( including dopamine ) in the central 
23 
nervous system of many different animals and their 
confirmed roles in synaptic transmission in the verte­
brates present the possibility that these compounds 
may also function as neurotransmitters in insects. 
It has been suggested by several w orkers that 5-HT 
is an insect CNS neurotransmitter ( Hiripi and S. -Rozsa, 
197 3; Whitehead, 197 3 ). Further, the seeming absence 
of MAO in the insect central nervous system indicates 
that the characteristic oxidative mechanism for the 
inactivation of biogenic amines in vertebrates cannot 
be operative here. If tryptamine or 5-HT do indeed 
function as neurotransmitters in.the honeybee central 
nervous system, their inactivation must proceed by some 
alternate pathw ay. We suggest that the N-acetylation 
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